Abstract: Alport syndrome is an inherited disorder of basement membrane collagen IV that frequently results in end-stage renal disease. Patients with Alport syndrome who undergo renal transplantation have generally excellent outcomes. Posttransplant antiglomerular basement membrane nephritis is a rare complication of renal transplantation for Alport syndrome. Because Alport syndrome is a genetic disorder, potential related donors must be carefully evaluated in order to minimize harm.
Introduction
Alport syndrome is an inherited cause of end-stage renal disease (ESRD) that results from mutations that affect the collagen IV a345 network of glomerular basement membranes (GBM) as well as basement membranes in the cochlea and eye. 1 Although early treatment with angiotensin-converting enzyme inhibitors appears to delay the onset of ESRD, many patients require renal replacement therapy.
The risk and timing of ESRD is heavily influenced by sex and genotype, making some subsets of Alport patients more likely to require dialysis and kidney transplantation than others. Alport syndrome arises from mutations in the COL4A3, COL4A4, and COL4A5 genes. The majority of individuals with Alport syndrome (approximately 60% according to recent studies utilizing next-generation sequencing) have the X-linked form of the disease because of mutations in COL4A5. 2, 3 Autosomal recessive Alport syndrome (ARAS) is caused by mutations in both alleles of COL4A3 or COL4A4, and accounts for about 15% of people with the disease. 2, 3 Finally, about 25% of individuals with Alport syndrome have autosomal dominant disease, resulting from mutation in one allele of COL4A3 or COL4A4. 2, 3 Sex has a marked impact on the prognosis of X-linked Alport syndrome (XLAS). Fifty percent of untreated males with XLAS reach ESRD by age 25 and 90% reach ESRD by age 40. 4 While only about 12% of females with XLAS develop ESRD before age 40, the probability of ESRD increases to about 30% by age 60 and 40% by age 80. 4 The nature of the underlying mutation in COL4A5 is an important determinant of the rate of progression to ESRD in XLAS males. Truncating mutations (deletions, frameshift, and nonsense mutations) are associated with an earlier onset of ESRD in comparison with splice-site and missense mutations. 4, 5 Patients with ARAS typically reach ESRD by age 40, with some exceptions, regardless of sex. 6 Autosomal dominant Alport syndrome (ADAS) tends to advance less aggressively than XLAS or ARAS. While an early study of men with ADAS reported a median renal survival of 50 years, more recent studies have reported a median renal survival of 70-80 years in ADAS patients. [7] [8] [9] In this review, I examine the factors that influence ESRD risk and timing in Alport syndrome. In addition, I describe transplant outcomes in Alport patients and the rare, but important, phenomenon of posttransplant anti-GBM nephritis. Finally, I discuss the selection of living related kidney donors in Alport families.
Patient and graft survival after transplantation
Studies carried out over the past several decades have consistently demonstrated that patient and graft survival rates in Alport patients match or exceed patient and graft survival in patients with other causes of ESRD. A 1995 analysis of data collected by the North American Pediatric Renal Transplant Cooperative Study showed a 2-year graft survival rate of 95% in Alport patients who received a kidney from a living donor and 70% in cadaver kidney recipients, compared with 89% and 74%, respectively, in patients with structural urinary tract disorders. 10 A more recent study of data from The European Renal Association-European Dialysis and Transplant Association (ERA-EDTA) Registry showed that male Alport patients had superior patient and graft survival rates compared with controls matched for age, year of transplantation, and kidney donor source. 11 These and other single-center studies demonstrate that the outcome of kidney transplantation for Alport syndrome is generally quite favorable.
Although preemptive kidney transplantation is the preferred mode of therapy for Alport patients approaching ESRD, it is worth noting that Alport patients who require chronic dialysis exhibit relatively good outcomes. Analysis of ERA-EDTA data showed that the survival of male Alport patients on dialysis was superior to matched contols, for both hemodialysis and peritoneal dialysis. 
Posttransplant anti-GBM nephritis
Posttransplant anti-GBM nephritis is a rare but potentially devastating complication of kidney transplantation in patients with Alport syndrome. Affected patients have been almost exclusively males with the X-linked form of Alport syndrome, although rare cases in females with ARAS have been reported. 12 The incidence of posttransplant anti-GBM nephritis in males with XLAS has been estimated to be about 2%-3% and does not appear to have changed significantly since the phenomenon was first described. 12, 13 In males with XLAS who develop posttransplant anti-GBM nephritis, the primary target of anti-GBM antibodies is the collagen IV α5 chain. 14, 15 These patients are thought to be immunologically naïve for the collagen IV α5 chain, prompting an immunologic response following transplantation of a normal kidney. Some of these patients, as well as patients with ARAS who experience posttransplant anti-GBM nephritis, express antibodies against the collagen IV α3 chain, the target epitope associated with idiopathic anti-GBM nephritis and Goodpasture syndrome. 14, 16, 17 Those patients who develop posttransplant anti-GBM nephritis are typically male, progress to ESRD before age 40, and exhibit sensorineural deafness. 12, 18 Patients exhibiting this phenotype frequently have a truncating mutation in the COL4A5 gene, such as a deletion or nonsense mutation. 4 However, neither the Alport phenotype nor the COL4A5 genotype is particularly helpful in predicting who will develop posttransplant anti-GBM nephritis. Antignac et al 19 showed that males with truncating COL4A5 mutations could be transplanted without the development of posttransplant anti-GBM nephritis; this observation was recently confirmed by Gillion et al. 13 The risk of developing posttransplant anti-GBM nephritis appears to be very low for patients with missense mutations in COL4A5 and in patients with ADAS.
Most cases of posttransplant anti-GBM nephritis are diagnosed within the first 12 months after transplant; however, intervals of several years between transplant and diagnosis have been reported. 12 Clinical features range from isolated serum creatinine elevation to florid rapidly progressive glomerulonephritis. Biopsies of affected kidneys typically reveal a crescentic glomerulonephritis with intense linear GBM fixation of IgG and C3 by direct immunofluorescence. Some Alport patients who undergo transplant biopsy show a linear deposition of IgG along the GBM without other histological features of anti-GBM nephritis; 20 the reported patients maintained good allograft function without specific intervention. 20 Since the onset of posttransplant anti-GBM nephritis is typically within the first year after transplant, monitoring for circulating anti-GBM antibodies by monthly ELISA for the first 12 months following transplantation, in addition to routine surveillance for allograft dysfunction, would be a reasonable approach in male patients with truncating mutations in COL4A5 and in patients with ARAS. However, it has not been demonstrated that such monitoring results in 
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Transplant nephrologists should have a low threshold for allograft biopsy in males with XLAS who exhibit allograft dysfunction. On the basis of reported cases, about 75% of allografts exhibiting posttransplant anti-GBM nephritis fail irreversibly, usually within a few weeks to months. Plasmapheresis and cyclophosphamide administration are reasonable interventions but have often failed to salvage graft function. Most patients with posttransplant anti-GBM nephritis in a first allograft have had recurrence in subsequent transplants, despite prolonged intervals between transplants and the disappearance of detectable circulating anti-GBM antibodies prior to retransplantation.
Donor selection
As with other familial renal disorders, the genetics of Alport syndrome should be considered during the living donor evaluation process. Depending upon the gene involved, family members with heterozygous mutations in collagen IV genes have differing risks for chronic kidney disease (CKD) and ESRD.
women with XLAS (COL4A5 heterozygotes)
As noted previously, there is a significant risk of ESRD in women with XLAS increasing from about 12% at age 40 to about 30% by age 60. 18 Consequently, women with XLAS should be donors of last resort, to be considered only when no donor can be found among the unaffected male and female members of the family and the prospective donor is highly motivated. Women with overt proteinuria and those who display a hearing deficit should be rejected as donors, since both are risk factors for progression to ESRD. 18, 21 I have recommended elsewhere that only women with XLAS who are over 45 years of age should be considered as potential donors, since the prevalence of proteinuria increases with age, eventually developing in 75% of one large cohort of women with XLAS. 18, 22 A history of gross hematuria in childhood may be an additional risk factor for progression in heterozygous women with XLAS. 21 There is a limited amount of outcome data for women with XLAS who serve as kidney donors. A report describing five such women found that most exhibited declining glomerular filtration rates, proteinuria, and hypertension in the years following nephrectomy. 23 Heterozygotes for COL4A3 and COL4A4 mutations
The phenotypes associated with heterozygous mutations in COL4A3 and COL4A4 are variable, ranging from asymptomatic individuals to isolated hematuria to CKD and ESRD. 1 Evaluation of these individuals as potential kidney donors should be based on genotype-phenotype correlations in the family and/or mutation databases, as depicted in Table 1 . When the phenotype associated with a particular mutation is unclear, the default mode should be exclusion of the heterozygous individuals as kidney donors.
Conclusion
Patients with Alport syndrome are excellent candidates for kidney transplantation, with patient and graft survival rates that are equal to or better than those for patients with other causes of ESRD. Preemptive kidney transplantation is the treatment of choice for ESRD resulting from Alport syndrome. Selection of living related donors for patients with Alport syndrome requires careful consideration of the risk for CKD/ ESRD on the basis of the genotype. Although molecular genetic analysis is not always possible, mutation identification is very helpful in making informed decisions about living kidney donation.
Should those rare patients who have lost a kidney because of posttransplant anti-GBM nephritis be eligible for retransplantation? In my view, these patients should be eligible, although the pros and cons of a retransplant should be assessed on an individual-by-individual basis.
